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We compared lipid metabolism in the intestines of Sod1-knockout mice with that found in wild-
type mice to elucidate the impact of oxidative stress in vivo. A high-fat diet in wild-type mice
induced postprandial hypertriglyceridemia, but this adaptive response was impaired in Sod1-knock-
out mice. While fewer triglycerides were secreted to the blood in the form of triglyceride-rich lipo-
protein, more lipid droplets accumulated in the enterocytes of Sod1-knockout mice fed a high-fat
diet. These data collectively suggest that high-fat diet induces oxidative stress, inhibits lipid secre-
tion to the blood, and ultimately leads to dysfunctional lipid metabolism in enterocytes.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Fatty acids and monoacylglycerides that result from the hydro-
lysis of dietary fat are taken up and converted to triglycerides (TG)
by enterocytes in the intestine. Microsomal triglyceride-transfer
protein (MTP) plays an essential role in assembling TG droplets
and apolipoprotein B (apoB) to form TG-rich lipoproteins (TRL) at
the initial step in the endoplasmic reticulum (ER) of the entero-
cytes [1]. A deﬁciency in the MTP gene (Mttp) causes abetalipopro-
teinemia that is characterized by a near-complete absence of the
apoB in blood plasma [2]. Mttp-knockout mice can die during
embryonic development due to an impaired capacity of the yolk
sac to export lipids [3].
Production of apoB in the hepatocytes is regulated in a unique
manner [4]. While most secreted proteins are regulated during
transcription of the genes, apoB levels in the liver are mainlychemical Societies. Published by E
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Fujii).regulated via protein degradation [5]. When apoB is produced
excessively and exits the ER, it suffers oxidant-dependent aggrega-
tion and is subsequently degraded by an autophagic process [6].
The mechanism for TRL secretion from the enterocytes was
established based mainly on studies using the Caco-2 cell, which
is a colon carcinoma-derived cell line. Although the cellular system
is regarded as a suitable model for the study of intestinal lipid
maintenance and TRL production [7], it is still largely unknown
how oxidative insult affects in vivo intestinal lipid absorption
and TRL secretion.
Superoxide dismutase (SOD) is thought to play a central role in
protection against reactive oxygen species (ROS) because of its
ability to scavenge superoxide anion, the primary ROS produced
from molecular oxygen [8]. While the body weights of wild-type
(WT) mice steadily increase during young adulthood, those of
Sod1-knockout (KO) mice that are fed a diet of normal chow tend
to plateau at around 10 weeks of age, and the difference between
the Sod1-KO and the WT mice reaches more than 10% after
30 weeks of age [9]. The impaired lipoprotein secretion of very
low-density lipoprotein (VLDL) from the liver appears to be one
of the causes for the light body weight of the Sod1-KO mice [10].
It is unclear, however, whether liver malfunction is the sole cause
for the light body weight because no studies have been performed
on the Sod1-KO mice from the viewpoint of nutrient intake by the
gastrointestinal tract.
In the present study, we examined and compared the lipid-
metabolizing ability of the enterocytes in Sod1-KO male mice thatlsevier B.V. All rights reserved.
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found a weak response to oral lipid loading in the TRL secretion
from the enterocytes in Sod1-KO mice compared to the WT mice.
Feeding a HFD resulted in a marked accumulation of lipids in the
Sod1-KO mice. This is the ﬁrst in vivo observation where oxidative
stress impaired the transfer of TGs to TRL and resulted in an accu-
mulation of lipid droplets in the intestine.
2. Materials and methods
2.1. Animals
C57B/6 Sod1+/ mice, originally established by Matzuk et al.
[11], were purchased from Jackson Laboratories (Bar Harbor, ME)
and backcrossed more than eight times with C57BL/6 males pur-
chased from Japan SLC (Shizuoka, Japan) by our institute [9]. Geno-
typic analysis of the mice was performed using PCR with speciﬁc
primers, and Sod1+/+ and Sod/ mice were designated as WT and
KO mice, respectively. Mice were fed either a CD (LabDiet, PicoLab
5053 containing 4.5% fat) or a HFD (Research Diet Inc., D12492
containing 60% fat) with water ad lib. The animal room was main-
tained under speciﬁc pathogen-free conditions at a constant tem-
perature of 20–22 C with a 12-h alternating light–dark cycle.
Animal experiments were performed in accordance with the Dec-
laration of Helsinki under the protocol approved by the Animal Re-
search Committee at our institution.
2.2. Blood test
After a 4-h starvation, blood was collected from either the tail
vein or the heart under ether anesthesia in the presence of ethyl-
enediaminetetraacetic acid (EDTA). After centrifugation, blood
tests of mouse plasma were performed for TG, total cholesterol,
alanine aminotransferase (ALT), and aspartate aminotransferase
(AST) using Fuji Dry-chem 3500 V and Fuji Dry-chem slides (Fuji
ﬁlm).
2.3. Analysis of postprandial response to triglycerides
After 4 h of fasting between 9:00 and 13:00, the mice received
0.15 ml of an olive oil bolus by gavage, and blood was collected
for up to 180 min post-gavage. The plasma TG concentration was
determined as described above.
2.4. Immunoblot analysis of intestinal and plasma proteins
A segment of proximal intestine (1 cm) was dissected, evert-
ed, and extensively washed in ice-cold PBS containing 40 lM p-
aminophenylsulfenyl ﬂuoride (APMSF; Wako). The tissues were
transferred into 0.5 ml of ice-cold buffer containing 1 mM
Tris–HCl, pH 7.5, 1 mM EGTA, 1 mM MgCl2, 40 lM APMSF, and
protease inhibitor cocktail (Roch), and were lysed by sonication
(Microson, Misonix Inc.). After centrifugation at 7500g for
30 min at 4 C, concentrations for proteins in the supernatant
were determined using a BCA kit (Pierce). Total proteins (30 lg)
were separated on 15% SDS–PAGE and electroblotted onto PVDF
membranes (GE-Healthcare). For immunoblot analysis of plasma
apoB, 1 ll of blood plasma was separated on 7.5% SDS–PAGE.
Antibodies used were MTP (BD Bioscience, 610467), apoB
(Millipore, AB742), SOD1 [9], and SOD2 [12]. After incubation
with horseradish peroxidase-conjugated 2nd antibodies (Santa
Cruz Biotechnology), detection of the immunoreactive bands were
performed using Luminate Forte western HRP substrate
(Millipore). The relative amounts of each protein were quantiﬁed
using NIH image software.2.5. MTP activity assay
MTP activities of the intestinal microsomes were measured
using a commercial kit (Chylos Inc.) according to the manufacture’s
instructions. Intestinal lysate was prepared from fresh tissues as
described above and immediately subjected to the reaction.
2.6. Histological analyses of intestines
Dissected intestines were ﬁxed in Bouin’s solution (saturated
picric acid/formalin/acetic acid, 15:5:1, by volume) overnight, im-
mersed sequentially in 50%, 75%, and 100% ethanol for 24 h each,
and then embedded in parafﬁn. Longitudinal sections that were
4 lm thick were subjected to H&E staining.
2.7. Assay for lipid peroxidation products
The supernatant prepared for the immunoblot analysis were
used for the assay of thiobarbituric acid-reactive substances
(TBARS), as described previously [9]. The TBARS content was calcu-
lated by measuring ﬂuorescence at an excitation wavelength of
515 nm and an emission wavelength of 553 nm using a Valioskan
Flash microplate reader (Thermo Fisher Scientiﬁc).
2.8. Statistical analysis
Statistical analyses of the data were performed using a Stu-
dent’s t-test. ⁄; P < 0.05, ⁄⁄; P < 0.01.
3. Results
3.1. Small bodies and low-fat content in Sod1-KO mice
Sod1-KOmicewere smaller in size than theWTmice (Ref. [9] and
Fig. 1A), while the food intakewas the same for both (Fig. 1B), which
suggests a malfunction in absorption of the nutrients by the intes-
tine. To examine this issue further, we fed the male mice either
the CD (4.5% fat) or the HFD (60% fat) for 1 or 5 weeks and then per-
formed blood tests and autopsies. The light bodyweight in the Sod1-
KO mice correlated to the fat content in the body (Fig. 1C and D).
Although the livers were a little heavier in the Sod1-KO mice than
in theWTmice (1E), no signiﬁcant differenceswere seen in the plas-
ma levels of either AST, ALT (Supplementary Fig. 1A and B), or total
cholesterol (Fig. 1F) among the experimental groups.
3.2. Sod1-KO mice showed a defect in the adaptive response to a HFD
in the secretion of TRL from enterocytes
To investigate TRL secretion from the enterocytes, after 4-h
starvation, we orally administered 0.15 ml of olive oil to each WT
mouse fed either a CD or a HFD for 1 week via gavage and then
measured the TG levels in the plasma at 30-min intervals for up
to 180 min. Consistent with previous reports [13], plasma levels
of TG gradually increased and peaked at around 90 min. The high
values were sustained in the mice fed the HFD compared with
those fed the CD (Fig. 2A).
We performed the same experiment using the Sod1-KO mice as
well as WT mice that were fed either a CD or a HFD for 1 week and
measured the plasma levels of TG at 0 and 90 min after the oral
administration of the oil. As result, the adaptive increase in the
TRL secretion, which was observed in the HFD-fed WT mice, was
not evident in the Sod1-KO mice (Fig. 2B). However, there were
no differences in the plasma levels of apoB48 protein in the mice
from the viewpoint of either the genotypes of the mice or the
nutritional conditions (Fig. 2C).
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Fig. 1. The bodies and fat content of Sod1-KO mice. WT and Sod1-KO male mice that were fed a CD or a HFD for 1 week (15-weeks old) or 5 weeks (19-weeks old) were
subjected to analyses. (A) Body weights and (B) daily intake of food by each mouse during 1 week were shown. After taking pictures of the bowel (C), weights of epididymal
fat (D) and liver (E) were measured. (F) Total cholesterol in blood plasma was measured. Columns and bars represent mean ± S.E.M. (n = 4–7 animals in each group.). White
and gray columns represent the WT mice and the Sod1-KO mice, respectively.
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KO mice
We then performed histological examination of the intestines of
the mice fed either a CD or a HFD. Lipid droplets were evident in
the HFD-fed Sod1-KO mice at 1 week (data not shown) and weremarkedly elevated at 5 weeks compared to the WT mice (Fig. 3).
Thus, a malfunction in TRL secretion caused the accumulation of
the lipid droplets predominantly in the Sod1-KO mice. This was
consistent with the sizes of adipocytes in the epididymal fat; these
were larger in the WT mice than in the Sod1-KO mice (Supplemen-
tary Fig. 2).
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Fig. 2. Defect in postprandial TRL secretion. (A) WT mice were fed either a CD or a HFD for 1 week. After a 4-h starvation, 0.15 ml of olive oil was administered to each mouse.
Blood were collected from the tail vein at 30-min intervals, and plasma levels of TG were measured. (B) The WT and Sod1-KO mice were fed with either CD or HFD for 1 week.
Levels of plasma TG at 0 and 90 min after the olive oil administration to the mice were shown. (C) ApoB48 proteins in 1 ll blood plasma were detected by immunoblot
analysis (upper panel) and then were semi-quantiﬁed by scanning the blot membranes. Columns and bars represent the mean ± S.E.M. (n = 4–7 animals in each group). White
and gray columns are the WT mice and the Sod1-KO mice, respectively.
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We examined MTP in the intestinal tissues because it plays a
central role in the lipidation of apoB [1]. Unexpectedly, no signiﬁ-cant change was observed in the MTP proteins among the experi-
mental groups (Fig. 4A and B). Then we measured the lipid-transfer
activity of MTP in the intestines at 1 cm proximal to the duodenum
(Fig. 4C). While the MTP activity was elevated in the WT mice fed a
WT Sod1 KO
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Fig. 3. Accumulation of lipid droplets in the enterocytes of the mice fed a HFD. (A) Intestinal sections from the mice fed either the CD or a HFD for 5 weeks were stained with
H&E. (B) Pictures of the same sections from HFD-fed mice were magniﬁed. Representative pictures are shown. Each bar indicates 100 lm.
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of lipid peroxidation products, as judged by measuring TBARS,
were originally high in the intestines of the Sod1-KO mice fed a
CD and further augmented by the consumption of a HFD
(Fig. 4D). Thus oxidative stress, which was originally high in the
SOD1-deﬁcient mice, was further enhanced in the intestines by
the consumption of a HFD.
4. Discussion
Using the Sod1-KO mice, we showed the impact of oxidative
stress on TRL secretion from the enterocytes in vivo. In the WT
mice, an adaptive increase in the TRL secretion occurred from
the consumption of a HFD, but the adaptive response was de-
fected in the Sod1-KO mice by a HFD. This impaired lipid metab-
olism in the intestine in conjunction with the defected hepatic
lipid metabolism [10] would explain the light body weight and
lower accumulation of abdominal fat in the Sod1-KO mice
(Fig. 1A and C).
Alterations in the intestinal lipid metabolism and expression of
the involved genes have been reported after the short-term adap-
tation to a HFD in mice [13]. Feeding a HFD to WT mice for 1 week
increased plasma TG, which was mostly chylomicron from the
enterocytes under our experimental conditions (Fig. 2). However,no change was observed in apoB48 proteins in the WT mice plas-
ma, which was consistent with the adaptive increase in the MTP
activity to increase the size of TRL via an increase in the transfer
of lipids [14]. In addition, the induction of MTP and apoB expres-
sion in the discrete intestinal region would also cause an increase
in plasma TG [15]. While plasma levels of TG in the Sod1-KO mice
were different from those in WT mice, again no changes were ob-
served in the levels of apoB48 (Fig. 2B and C). Histological analysis
indicated that the enterocytes accumulated more lipids in the
Sod1-KO mice than in the WT mice (Fig. 3), suggesting a defect in
the secretion of lipids from enterocytes rather than an adsorption
of them. This was consistent with the unchanged MTP activity in
Sod1-KO mice fed a HFD (Fig. 4C). Because the lipid droplets in
the enterocytes are regarded as the cytosolic TG pool [16], the data
indicate that, in the Sod1-KO mice intestine, the transfer of lipid
droplets to the apoB was more sensitive to oxidative damage than
lipid absorption was.
In the case of hepatocytes, oxidative stress and lipid peroxida-
tion stimulated apoB degradation and suppressed VLDL secretion
[17]. Accelerated apoB degradation and suppression of VLDL secre-
tion have been reported for the livers of Sod11-KO mice [10]. The
process of TRL secretion from the enterocytes has been examined
primarily for Caco-2 cells under culture conditions. Oxidative
stress on the Caco-2 cells caused by iron–ascorbate treatment
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membranes. The relative values for SOD2 are shown. n = 3. (C) MTP activities of the soluble proteins were measured using a commercial kit. n = 6–7. (D) Levels of lipid
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elevated lipid peroxidation is shown in the Caco-2 cells, it is un-
clear what molecular mechanism is responsible for the impaired
lipoprotein metabolism. On the other hand, oleic acid stimulates
secretion of ApoB100 in hepatocyte-derived McArdle RH7777 cells,
but exposure to a higher dose for longer periods inhibits it. The lat-
ter appears to be caused by the induction of ER stress [19]. Palmitic
acid also induces ER stress to a greater degree. In a similar manner,
when compared with supplementation with oleic acid, the chronic
supplementation of palmitic acid to Caco-2 cells results in a lower
TG secretion [20], although the precise mechanism also is
unknown. Because these lipids affect both the hepatocytes and
the enterocytes in a similar fashion, some lipids would cause ER
stress-mediated dysfunction in the lipid metabolism of the intes-
tine in vivo. Among factors involved in the ER stress response,
inositol-requiring enzyme 1b (IRE1b) is known to play a role in
the restriction of MTP induction in the intestine as a result of a
HFD and high-cholesterol diet [21].
ApoB protein has a cysteine-rich domain in the amino-terminal
region, which plays pivotal roles in the functional assembly to TRL
and secretion [22,23]. However, MTP consists of two subunits: a
97-kDa M and a 55-kDa P subunit [24]. The M subunit possesses
lipid transfer activity, while the P subunit is a protein disulﬁdeisomerase (PDI). PDI is a multifunctional protein and has a role
in disulﬁde bond formation in newly synthesized proteins in con-
junction with ER oxidoreductin 1 (Ero1) and peroxiredoxin 4
(Prdx4) [25]. The role of PDI in supporting MTP activity appears
to not depend on its protein disulﬁde isomerase activity [26]. Since
oxidative stress tends to increase inappropriate disulﬁde bond for-
mation, elevated ROS due to SOD1 deﬁciency would cause apoB to
be misfolded and dysfunctional. This hypothetical process is sup-
ported by the deteriorating effects of lipid peroxidation products.
Aldehyde compounds derived from lipid peroxidation form ad-
ducts with apoB and inhibit the secretion of TRL from the liver
[27]. While PDI activity is not essential for MTP to support normal
TRL secretion, PDI has a chaperone function, which may enhance
apoB protein folding.
In conclusion, a defect in the adaptive TG secretion by the intes-
tine was caused by a SOD1 deﬁciency in mice. Oxidative stress,
which was caused by a SOD1 deﬁciency in this study, impaired
the machinery for chylomicron secretion and resulted in an accu-
mulation of lipid droplets inside the cells. This deteriorating pro-
cess would be essentially the same as what occurs in liver
steatosis. Thus Sod1-KO mice would be a beneﬁcial model to clarify
the molecular mechanism for dysfunction of the liver and intestine
caused by high-fat-induced oxidative stress.
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